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ABSTRACT
Type II restriction endonucleases protect bacteria
against phage infections by cleaving recognition
sites on foreign double-stranded DNA (dsDNA) with
extraordinary specificity. This capability arises prim-
arily from large conformational changes in enzyme
and/or DNA upon target sequence recognition. In
order to elucidate the connection between the mech-
anicsandthechemistryofDNArecognitionandcleav-
age, we used a single-molecule approach to measure
rate changes in the reaction pathway of EcoRV and
BamHI as a function of DNA tension. We show that
the induced-fit rate of EcoRV is strongly reduced
by such tension. In contrast, BamHI is found to be
insensitive, providing evidence that both substrate
binding and hydrolysis are not influenced by this
force. Based on these results, we propose a mech-
anochemical model of induced-fit reactions on DNA,
allowing determination of induced-fit rates and DNA
bend angles. Finally, for both enzymes a strongly
decreased association rate is obtained on stretched
DNA, presumably due to the absence of intradomain
dissociation/re-association between non-specific
sites (jumping). The obtained results should apply
to many other DNA-associated proteins.
INTRODUCTION
Type II restriction endonucleases constitute an important
defense mechanism of bacteria against viral attacks. Their
function is to destroy invading foreign DNA molecules
by catalyzing double-stranded DNA (dsDNA) breakage at
certainrecognitionsequences.Discrimination betweenforeign
and own DNA is established by an extreme selectivity in
cleavage location (1–4). Such recognition sequences in the
bacterial DNA are protected from cleavage by methylation
of the site (5–7). Besides their indispensable usefulness
as DNA scissors in molecular biology, the high speciﬁcity
makes restriction enzymes important systems for studying
speciﬁc protein–DNA interactions.
Restriction enzymes need to ﬁnd their DNA target
sequence as quickly as possible. Although driven by diffu-
sion, this process can be faster than the 3D diffusion limit
( 10
8 M 1 s 1), suggesting that 1D diffusion along the DNA
plays a role in target ﬁnding (8). Like many DNA-associated
proteins, restriction enzymes can bind DNA non-speciﬁcally.
This enables enzymes to ‘scan’ parts of the DNA during a
random walk along its contour (9–13), thereby enhancing
the search process. When a restriction enzyme recognizes a
target sequence, it undergoes a large conformational change,
sometimes inducing signiﬁcant changes in the DNA structure
as well. This induced-ﬁt mechanism ensures the high sequence
speciﬁcity of the enzymes (5,14–16). The rate of this process
has not been measured but is estimated to be fast (17). Crystal
structures of EcoRV bound to cognate DNA have, however,
provided ‘snapshots’ of the induced-ﬁt mechanism (2,18). In
these studies, it has been shown that during the formation of
a speciﬁc EcoRV–DNA complex divalent cations are trapped.
At the same time, the active site residues are positioned in
close proximity to the scissile phosphodiesters, preparing the
enzyme for hydrolysis of the DNA backbone (Figure 1).
Type II restriction enzymes are often considered model
systems for the mechanism proteins use to search speciﬁc
DNA sites (12,13,19,20). At the same time, the sequence
recognition by these enzymes is a typical example of an
induced-ﬁt mechanism. Numerous biochemical and structural
studies have revealed a wealth of information about type II
restriction enzymes (2–8,14–18,21–27). However, these stud-
ies have neither addressed the mechanochemistry in the reac-
tion pathway, nor do they allow for the direct observation of
the different reaction states. To clarify these aspects, we per-
formed single-molecule experiments with EcoRV and BamHI,
both recognizing a palindromic sequence 6 bp in length. These
enzymeswerechosenbecauseofprofounddifferencesinDNA
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doi:10.1093/nar/gki565conformation in the speciﬁc complex; upon binding, EcoRV
strongly deforms its target DNA, inducing a sharp kink of
 50  (2,18), whereas BamHI leaves the DNA practically in
straightB-form(Figure2) (3,22,23). Observation of restriction
enzymes reacting with single DNA molecules allows for direct
measurements of the searching and hydrolysis times. More-
over, the force dependence of these rates provides insight
in the corresponding mechanochemistry (28–32) and permits
determination of bend angles and induced-ﬁt rates.
MATERIALS AND METHODS
Proteins and DNA
EcoRV endonuclease (gift from J. J. Perona) was puriﬁed and
tested as described previously (17,33). A high concentration
batch of BamHI puriﬁed by New England Biolabs was used.
Plasmid pCco5 DNA (6538 bp; gift from W. Reijnders, Vrije
Universiteit, Amsterdam) was utilized for the single cleavage
site experiments on EcoRV and BamHI, whereas for the mul-
tiple site experiments Lambda phage DNA (48 502 bp; Roche
GmbH,Germany)wasused.ThepCco5plasmidwaslinearized
by SpeI digestion (New England Biolabs) and extracted from
0.7%agarosegelusingaQIAEXIIkit(Qiagen).Thelinearized
moleculecontained oneEcoRVsite (GATATC),located inthe
middle.TocreateaconstructwithoneBamHIsite(GGATCC),
the pCco5 plasmid was digested by SpeI and NcoI, leaving a
4450 bp molecule with the BamHI site located at 1104 bp. The
DNAfragmentswereincubatedfor30minat37 Cwith80mM
biotin-14-dATP and biotin-14-dCTP (Invitrogen), 100 mM
dGTPandTTP(Sigma-Aldrich)andKlenowDNAPolymerase
exo-minus (Fermentas) to label the 50-overhangs. Excess
nucleotides were removed with Microcon YM-10 ﬁlters
(Millipore)in10mMTris–HCl(pH7.7).Fortheopticaltweez-
ers experiments, the biotin-labeled DNA was diluted to a con-
centrationof 1pMina10mMTris–HCl(pH7.7)bufferwith
250 mM NaCl. The restriction enzyme buffer for both EcoRV
and BamHI contains 100 mM NaCl, 1 mM 2-mercaptoethanol,
5 mM MgCl2 and 10 mM Tris–HCl (pH 8.0).
Experimental setup
A Nd:YVO4 1046 nm cw infrared laser (Millennia IR, Spectra
Physics) was used to create two optical traps. The beam was
expanded and split into two beams by a polarizing beam split-
ter. A telescope system was placed in one of the beam paths.
The ﬁrst of these two lenses was moveable by motorized
micrometers (OMDC-2BJ, OptoSigma) in the plane perpen-
dicular to the beam, allowing for accurate steering of the trap.
The two beams slightly overﬁlled the back aperture of a high
NA,waterimmersionobjective(PlanApo60x/1.20WI/DICH,
Nikon). Position and motion of the bead in the ﬁxed trap was
detected via back focal plane interferometry using a quadrant
photodiode (34). Typical trap stiffness values achieved with a
few hundred mW per trap are 100–200 pN/mm.
Flow chamber
A custom-made ﬂow system was used to ﬂow in the solutions.
Selection valves (Upchurch Scientiﬁc) were used to select the
desired solution. Flow was generated by a high precision
motorized syringe pump (Harvard Instruments). The ﬂow
chamber itself consisted of two parallel channels, where
ﬂow could be induced independently. The channels were con-
nected to each other by a thin perpendicularly placed channel.
In one channel, 2.17 or 1.87 mm streptavidin-coated beads
(Spherotech) were stored, while the actual experiment took
place in the other channel. When a DNA molecule was cut,
new beads could be caught swiftly by directing ﬂow from the
bead channel via the connecting channel into the experiment
channel.
When exchanging buffers, some mixing occurs at the inter-
facebetweensolutions.Atthelocusoftheopticaltraps,ittakes
Figure 2. Crystalstructuresofspecificenzyme–DNAcomplexesofBamHI(1)
(23) and EcoRV (2) (2,18). The DNA configuration within both complexes is
shown separately, (3) and (4), respectively. While BamHI does not distort its
recognition site, EcoRV induces a 50  kink located at the center base pair step.
Figure1.ThereactionpathwayfororthodoxtypeIIPrestrictionendonucleases.
The association rate kon is the only rate that depends on enzyme concentration.
Under normal conditions, the induced-fit rate (kind) is much faster than hydro-
lysis (khydr) and product dissociation (kdiss). The applied tension F opposes
DNA bending by the enzyme in the induced-fit process.
Nucleic Acids Research, 2005, Vol. 33, No. 8 2677several seconds before the solutions are fully exchanged. This
was tested by ﬂowing in dye while monitoring the change
in illumination light transmission. The error of measuring
the arrival time of a new solution was thus determined to
be  5 s. For experiments with high EcoRV and BamHI con-
centrations, a third ﬂow channel containing these enzymes
was added to improve the time resolution by a factor of 10.
All experiments were conducted at room temperature (21 C).
RESULTS
Single-molecule experiments
The force dependence of the cleavage reaction of BamHI and
EcoRVwasdeterminedasfollows:dsDNAmoleculeswithone
or multiple recognition sequences were captured between two
beads held by two optical traps, as described by Wuite et al.
(35) (Figure3).TheDNAwas putunder tension bymovingthe
position of one of the traps, while monitoring the force on the
DNA. Enzymes were ﬂowed in, preceded by buffer solution
to remove excess DNA. Upon DNA cleavage, both beads
recoiled back to the center of the traps, providing a clear signal
for cleavage by an individual enzyme (Figure 4). The duration
of a cleavage reaction is deﬁned by the time elapsed between
the arrival of the enzyme solution at the stretched DNA and
DNA cleavage. Within this time span, an individual enzyme
locates and binds the recognition site on the DNA, undergoes
conformational changes to form the speciﬁc complex (the
induced-ﬁt mechanism), hydrolyses both DNA strands and
eventually releases the product (Figure 1). By repeating this
procedure at various forces, the average cleavage times as a
function of DNA tension were obtained. Cleavage rates, kc,
were determined by taking the inverse of the average cutting
times.
The results of these experiments with BamHI and EcoRV
are shown in Figure 5. The data show that the observed EcoRV
cleavage rate on linearized pCco5 plasmid (number of recog-
nition sites n = 1) decreases rapidly above of  30 pN DNA
tension (enzyme concentration 25 nM in terms of dimers)
(Figure 5a). This decrease indicates that the tension induces
another process in the cleavage reaction to become rate-
limiting. Cleavage by 2.5 nM EcoRV of Lambda phage DNA
(n = 21) also slows with tension, but the effect is much less
prominent (Figure 5b). For BamHI, no such decrease is detec-
ted on either a pCco5 derivative (n = 1) using an enzyme
concentration of 300 nM or on Lambda phage DNA (n = 5)
with 2.5 nM BamHI (Figure 5c). In contrast to other DNA
enzymes (28,29), these restriction enzymes continue to func-
tion on DNA kept at high tensions. Even extending the DNA
to halfway the overstretching plateau ( 67 pN) (36) does not
inhibit cleavage, presumably because part of the DNA
molecule is still in dsDNA conﬁguration. However, when
DNA is fully overstretched to S-form (tension >70 pN), cleav-
age is completely blocked (measured with 500 nM EcoRV on
Lambda phage DNA) (data not shown).
Mechanochemistry of the reaction pathway
To explain why EcoRV and BamHI react differently to tension
on the DNA, we assume that this tension primarily affects the
induced-ﬁt mechanism, because only during this process large
conformational changes take place. A similar DNA tension
dependence was also found for DNA polymerase (29).
Three independent energetic contributions can be identiﬁed
in which DNA tension alters the free energy change in the
induced-ﬁt mechanism. These terms are pictured schematic-
ally in Figure 6a. First, tension on the DNA increases the
average base pair spacing (enthalpic stretching) (37). Both
EcoRV and BamHI tightly embrace the 6 bp compromising
the recognition sequence. Furthermore, all amino acid–base
contacts with the DNA are within this site and the base pair
spacing is approximately the same as that of relaxed DNA
(2,3,23).Therefore,theenthalpicstretchingofthese6bpneeds
to be suppressed by the enzyme. Second, an enzyme-induced
kink directly shortens the DNA in the binding pocket against
the applied force. The associated work has to be carried out
by the enzyme. Third, the DNA protruding under an angle
from the protein–DNA complex is bent in the direction of the
force, which requires bending energy. Furthermore, it leads to
an additional shortening of the end-to-end distance against
the applied force. Both bending and shortening energies are
paid by the enzyme during the induced-ﬁt process. The actual
amount of bending and shortening is a function of tension and
can be calculated using the worm-like chain model for
Figure 3. Schematic representation of the experimental approach. DNA
(orange) is stretched between two beads (blue) trapped in optical tweezers.
Enzymes (green spheres) in the solution diffuse in search of the recognition
sequence (red).
Figure 4. Typical data trace of a cleavage event. 1: Tension is being applied
(in this case  50 pN) and measured by the displacement of one of the trapped
beads. 2: Start of enzyme flow. The drag force displaces the bead further from
the centerof the trap.The tensionon the DNA moleculedoes notchange,since
bothbeadsareinfluencedinthesamewaybytheflow.3:Theflowisturnedoff.
4: The DNA is cleaved. Both beads recoil to the centers of the optical traps,
instantly reducing the measured force to zero.
2678 Nucleic Acids Research, 2005, Vol. 33, No. 8semi-ﬂexible polymers (38) and minimizing the total required
energy (see Appendix).
Combiningthesethreeterms,thetotalchangeinfreeenergy,
DDG, of speciﬁc complex formation as a function of DNA
tension (F) can be expressed as:
DDGF ðÞ ¼
6a
K
F2 þ 6a   1 cos
q
2
     
F þ
q2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LpkbT
p ﬃﬃﬃ
F
p
‚
1
Here, 6a is the relaxed length of the recognition site (6 bp
spaced at 0.34 nm), K the DNA stretch modulus ( 1200 pN)
(37), q the enzyme-induced DNA bending, Lp the persistence
length of DNA [53 nm (39)] and kbT the thermal energy. When
this free energy change acts on the transition toward speciﬁc
binding, then the induced-ﬁtrateasa functionof DNA tension,
kind(F), can be related to the induced-ﬁt rate on relaxed DNA,
kind(0), using Arrhenius’ law (Figure 6b).
The observed cleavage rate kc(F) depends on kind(F), the
ﬁrst-order association rate or diffusion rate of the enzyme to
the speciﬁc site (kdif) and DNA backbone hydrolysis for both
strands (khydr):
kc F ðÞ ¼
1
kdif
þ
1
kind F ðÞ
þ
1
khydr
    1
‚ 2
Because the DNA is kept under tension, enzyme dissociation
after hydrolysis from at least one of the cleaved ends should be
almost instantaneous (this is conﬁrmed by data presented
below). For this reason, the rate of product release has not
been included in Equation 2.
To describe cleavage of DNA with multiple (n) sites,
Equation 2 needs to be extended. For such molecules,
whenever diffusion is the rate-limiting step in the reaction,
associationoftheﬁrstenzymeproceedsntimesfaster:kdifnow
becomes n   kdif.Iftension causes the induced-ﬁtratekind(F)to
become rate-limiting, more enzymes (x > 1) can bind, but only
the ﬁrst cut is observed. The consequences are 2-fold. First,
multiple bound enzymes result in an apparent acceleration of
kind(F) with a factor x. Second, the diffusion rate decreases as
the number of occupied sites grows. The last enzyme to bind
before cleavage takes place encounters n   (x   1) free sites.
x depends on DNA tension and can be approximated semi-
empirically with
x ¼
nm
n þ m
; mF ðÞ ¼
1
2
nkdif
kind F ðÞ
þ 1: 3
These extensions can be included in Equation 2, resulting in
an expression for kc,n (n > 1):
kc‚n F ðÞ ¼
1
xkind F ðÞ
þ
1
n   x   1 ðÞ ðÞ kdif
þ
1
khydr
    1
: 4
This expression is valid for n   kdif < khydr and x 9 n/2.
Equations 2 and 4 can be used for ﬁtting the measured
kc and have three free parameters: kdif, q and kind(0).
Determining association and hydrolysis rates
In the proposed model, diffusion and hydrolysis rates are both
assumed to be independent of DNA tension. However, kdif
should depend on enzyme concentration, while khydr should
not. These two rates can, therefore, be obtained separately
Figure 5. Measured cleavage rate versus DNA tension. (a) The effect of tension on cleavage of linearized pCco5 by EcoRV (number of recognition sites n = 1).
EcoRV concentration was 25 nM in terms of dimers. The total amount of cutting events was 68. (b) EcoRV on Lambda phage DNA (n = 21), 32 cutting events.
(c)TensiondependenceonDNAcleavagebyBamHI(300nM)onthepCco5derivativecontainingasinglerecognitionsite(squares,78events)andonLambdaphage
DNA with five BamHI sites (triangles, 28 events) using 2.5 nM BamHI. Each point consists of at least 6 cleavage events. Vertical error bars represent the standard
error of the mean rate. Horizontal error bars are the standard deviation of the combined DNA tensions (a result of the binning). The data in (a and b) are fitted to the
describedmodel(normalizedc
2are0.6and0.2,respectively).TheBamHIratesin(c)donotsignificantlyvarywithDNAtensionandwerefittedwithconstantvalues
[normalized c
2 are 0.8 (hydrolysis, green line) and 1.6 (diffusion, blue line)].
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cleavage rate as a function of enzyme concentration. Such
measurements were performed with pCco5 DNA for EcoRV
concentrations ranging from 1 to 500 nM. During the assay,
the DNA is kept at low tension (<10 pN) to ensure that the
induced-ﬁt mechanism is not rate-limiting. The results, dis-
played in Figure 7, show that the cleavage rate kc increases
linearly with [EcoRV], but at high concentration it is domin-
ated by hydrolysis (khydr) and levels off. The data are ﬁtted
with the following equation:
kc ¼
1
khydr
þ
1
kon EcoRV ½ 
    1
; kdif ¼ kon EcoRV ½  ‚ 5
resulting in a khydr of 0.33 – 0.05 s
 1 and an association rate
kon of (4 – 1)   10
6 M
 1 s
 1. The same numbers can also be
obtained by looking at the distribution of individual cleavage
events at a particular concentration. Figure 7b shows this
distribution at high EcoRV concentration (500 nM), which
canbeﬁttedtoasingleexponentialtodeterminethe hydrolysis
rate. At 25 nM EcoRV the association and hydrolysis rates are
similar. The histogram in Figure 7c clearly displays a two-step
process, from which both rates can be extracted. The measured
hydrolysis rate is in good agreement with the reported
values for EcoRV (24,25,40,41). This result also justiﬁes
our assumption that in these single-molecule experiments
product release after hydrolysis is fast. The association rate
weacquired,however,is 25timeslowerthanthatobtainedin
biochemical studies under optimal conditions ( 10
8 M
 1 s
 1)
(17,24,26,40). It is generally believed that site-speciﬁc DNA
enzymes ﬁnd their target sequences via ‘facilitated diffusion’,
thereby accelerating the search process. Several mechanisms
for facilitated diffusion have been suggested (9–11,19,20):
(i) ‘sliding’, proteins performing a 1D random walk along
the DNA contour, (ii) ‘hopping’, fast dissociation and
re-association from one nearby site to another and (iii) ‘jump-
ing’, transfer between non-speciﬁc DNA sites close to each
other in 3D space yet separated by large distances along the
DNA contour. In bulk studies and in vivo long DNA molecules
have a globular shape; many sites that are distant in 1D space
are close together in 3D space. In our single-molecule experi-
ments, the DNA suspended between beads is in a completely
different geometry: it is fully stretched, even at a few pN of
tension. Such an arrangement does not per se inﬂuence sliding
andhopping,butshoulddrasticallyinhibitjumping.ThepCco5
DNA substrate (6538 bp) used in the experiments is much
larger than the average number of base pairs scanned by an
individualenzymeinonebindingevent.Hence,severalrebind-
ing events (jumps) are necessary to locate the target sequence.
For stretched DNA, the local ‘density’ of DNA sites is much
lower than for DNA having a globular shape. Therefore, in
the stretched case the chance for an enzyme to, after dissoci-
ation from non-speciﬁc DNA, rebind via 3D pathways to an
uncorrelated site anywhere on the DNA molecule is much
smallerthan forrelaxed DNA.This effectseems tobereﬂected
in the reduced association rate of (4 – 1)   10
6 M
 1 s
 1 we
observe for EcoRV on stretched DNA.
Cleaving DNA under tension with EcoRV
With the association rate of EcoRV on pCco5 in our experi-
ments known, kdif in Equation 2 can be ﬁxed at 0.1 – 0.025 s
 1
(for 25 nM EcoRV). Fitting kc data results in: q=54  – 6 
and kind(0) between 35 and 1000 s
 1 (Figure 5a). The obtained
bend angle is in good agreement with crystal structures
(50 –60 ) (2,18,33) and somewhat higher than observed in
gelretardation experiments (44  –4 )(42,43). The uncertainty
in kind(0) stems from extrapolating kind(F) back to zero force
andasigniﬁcantcorrelationinthemodelbetweenkind(0)andq.
Combining this data with that of Hiller et al. (17), who deter-
mined kind(0) to be at least 100 s
 1 (based on the dead time
of the instrument used), conﬁnes the induced-ﬁt rate kind(0)
between 100 and 1000 s
 1. Such a rate is comparable with
that of other induced-ﬁt reactions on DNA, such as DNA
polymerase (44).
EcoRV cleavage rates on Lambda phage DNA (n=21)were
measured with a 10timeslower enzymeconcentration than the
pCco5 experiments, in order to compensate for the increased
diffusion rate (n   kdif) and so keeping the cutting time above
the time resolution of our instrument. The data (Figure 5b)
were ﬁtted with Equation 4 and resulted in n   kdif of 0.07 –
0.02 s
 1, corresponding with an average association rate per
(a)
(b)
Figure 6. Mechanochemical model of tension dependence. (a) Schematic
representation of DNA bending by a restriction enzyme under an applied
external force. The enzyme induces a sharp kink in the DNA at the center
oftherecognitionsequence.a0isthehalfbendangleq/2.(b)Theoreticalmodel
curves representing the effect of tension on the induced-fit rate using a bend
angle q=50 . Dashed curve: overcoming the enthalpic stretching of the
recognition sequence. Dotted curve: local shortening of the DNA end-to-end
distanceduetoakinkatthecenteroftherecognitionsite.Dashed–dottedcurve:
additional bending and end-to-end shortening of the DNA protruding from
the enzyme–DNA complex. Solid curve: all three effects added, providing
the dependence of the induced-fit rate on DNA tension.
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6 M
 1 s
 1, slightly less than that
determined for pCco5. Note that at high forces fewer sites are
available and the diffusion rate decreases. The obtained bend
angle is 52  – 9. The weaker dependence of kc on DNA tension
in these multiple-site experiments results in a larger range
(between 10 and 2000 s
 1) for kind(0). These results never-
theless conﬁrm the robustness of the experiments: different
enzyme concentrations, DNA molecules and different number
of sites lead to similar ﬁt parameters.
Cleaving DNA under tension with BamHI
In contrast to EcoRV, cleavage by 300 nM BamHI of a pCco5
derivative (n = 1) remains largely unaffected by DNA tension
(Figure 5c, squares). Therefore, we ﬁtted these data with a
constant value instead of Equation 2. This independence of
force can be expected from the crystal structures of BamHI,
which show that the DNA conformationisvirtually unchanged
upon speciﬁc binding (3,23). Hence, only the ﬁrst term in
Equation 1 has an effect on kind and reduces this rate less
than one order of magnitude. Consequently, kind(0) should be
faster than 10 s
 1 in order to explain the data, not unexpected
considering the rate obtained for EcoRV. The BamHI concen-
tration used in these experiments is sufﬁciently high so that,
even with a 25-fold reduced association rate as found for
EcoRV, hydrolysis should be rate-limiting. This is conﬁrmed,
since the cleavage rate kc obtained by ﬁtting, 0.14 – 0.02 s
 1,
is comparable with the reported khydr of BamHI [0.23 s
 1 for
both DNA strands (4)]. Interestingly, these results show that
the hydrolysis reaction is not measurably affected by DNA
tension. The DNA inside the binding pocket is thus shielded
from the tension and the energetic cost of cleaving mechan-
ically constrained DNA is fully paid during the induced-ﬁt
reaction.
No force dependence of kc was detected in cleavage experi-
ments using 2.5 nM BamHI on Lambda phage DNA (n = 5)
(Figure 5c, triangles). At this concentration, diffusion to a tar-
get site is rate-limiting and the measured kc, 0.024 – 0.003 s
 1,
therefore represents n   kdif. This corresponds to an association
rate kon per site of 2 · 10
6 M
 1 s
 1, again reﬂecting the dis-
appearance of jumping, as found for EcoRV. Finally, these
experiments show that enthalpic stretching of the DNA [at
forces beyond the suppressed jumping (>1 pN)] has no signi-
ﬁcant additional inﬂuence on locating the speciﬁc site (kdif).
A further reduction in association rate due to a decrease in
binding afﬁnity would have manifested itself in a slower
observed cleavage rate for higher tensions, which is not the
case. This result and the tension insensitive hydrolysis both
support the assumptions made in the model.
DISCUSSION
TheprofounddifferenceinsensitivitytoDNAtensionbetween
EcoRV and BamHI is shown to be a direct result of the dis-
similarityintheinduced-ﬁtreaction betweenthetwoenzymes;
Figure 7. EcoRV concentration dependence of the cleavage rate. (a) Cleavage of pCco5 DNA (one recognition sequence) by EcoRV for different enzyme
concentrations.CleavagerateswereobtainedatlowDNAtensions(<10pN)toensurethattheinduced-fitmechanismwasnotrate-limiting.Atotalof157eventswere
measured.Errorbarsrepresentthestandarderrorofthemeanrateforeachoftheconcentrations.(b)Distributionofthesingle-moleculecleavagereactiontimesofthe
averageddatapointindicatedwithasteriskin(a)(51cleavageevents).TheEcoRVconcentration(500nM)issuchthathydrolysisonlyistherate-limitingstep.Hence,
an exponential distribution is expected. This is indeed observed. The hydrolysis rate obtained by fitting an exponential (solid curve) is 0.27 – 0.05 s
 1 (c
2 = 0.7).
(c)Histogramofcleavageeventsoftheaverageddatapointindicatedwithhashin(a)(73reactions).Thisdistributiondisplaysatwo-stepprocess.At25nMEcoRV
association and hydrolysis are of the same order of magnitude. Both processes by themselves obey Poissonian statistics and follow exponential distributions.
However,ashydrolysiscanonlyoccurafterbinding,theyarenotindependent.Thedistributionisthusfitwithaconvolutionoftwoexponentials(c
2=0.7).Therates
found forassociation and hydrolysis are 0.13 – 0.03 s
 1 [kon = (5 – 1)   10
6 M
 1 s
 1] and 0.29 – 0.09s
 1, respectively. Both rates are identicalto the rates found by
fitting Equation 5 to the data points in (a).
Nucleic Acids Research, 2005, Vol. 33, No. 8 2681EcoRV strongly bends the DNA while BamHI does not. From
the mechanochemical model, it is also clear that the energetic
cost of bending DNA under tension is high, since the semi-
ﬂexiblenatureofDNAincreasesthebentregionfarbeyondthe
actual binding site. In fact, at high force DDG depends mostly
on the square of the bend angle q (Equation 1 and Figure 6b).
The enzyme must deliver this extra work during the formation
of the speciﬁc complex. The only tension dependence of DNA
cleavagebyBamHIistheenergycostoftheincreasedbasepair
spacing. Even at the highest tension (the overstretching force),
this effect does not modulate the induced-ﬁt rate enough to
make this step rate-limiting.
The model used to describe the effect of DNA tension on
EcoRV and BamHI is applicable to other type II restriction
enzymes. However, the insensitive induced-ﬁt rate of BamHI
also points out a limitation: it is only possible to obtain bend
angles and induced-ﬁt rates if DNA tension can make this last
process rate-limiting, i.e. slower than the hydrolysis rate in
optimal conditions. Such a reduction is possible if an enzyme
induces a bend or kink in the DNA larger than some critical
angle (estimated to be  35 ). So, although changes in DG as
small as  0.5 kbT can be distinguished, only the rate-limiting
step can be monitored.
In a recent paper, it has been shown that EcoRV cleaves
long supercoiled plasmids faster than relaxed ones (12). The
authors explained this preference by stating that the enzyme is
guided more quickly to its target sequence because the higher
compactness of the DNA allowed more 3D transfers (i.e.
jumping) between non-speciﬁc sites. The strong decrease in
association rate we ﬁnd on stretched DNA directly outlines
and quantiﬁes the importance of these 3D pathways to locate
a speciﬁc site. Directly managing the DNA conﬁguration by
pulling the ends apart allows a controlled and complete shut-
down of jumping, without altering sliding and hopping. Future
experiments systematically investigating the relation between
DNA density and jumping might provide new insights in this
important mechanism.
The shielding of the DNA inside the binding pocket as
demonstrated for BamHI and inferred in EcoRV is probably
a direct result of the speciﬁcity of the binding. Only the correct
sequence should lead to an induced-ﬁt reaction, but elastically
stretched DNA is slightly deformed. Therefore, the induced-ﬁt
forces the DNA in normal (zero tension) conﬁguration.
Once the enzyme is properly bound, the DNA inside the bind-
ing pocket is no longer under tension and hydrolysis should
occur with normal rate. These effects of tension on jumping
and hydrolysis reported here should be generic for any speciﬁc
DNA binding protein since they all use similar strategies for
ﬁnding and recognizing their site.
Finally, the strong coupling between DNA tension and the
ability to bend DNA as demonstrated and modeled in this
study is expected to be valid for any DNA-bending protein
(speciﬁc or not). A similar coupling has also been indirectly
shown for speciﬁc binding by RNA polymerase (45). There-
fore, tension naturally occurring on DNA stretches during
the constant reordering of DNA within cells should disfavor
binding of DNA-bending proteins. Such regulatory mechan-
ism hasnotbeen appreciatedbeforeandcouldbe,inparticular,
relevant for gene regulation. Future experiments could test
these hypotheses by using other restriction enzymes and their
mutant forms, regulatory proteins and polymerases, in order
to ﬁnd and compare association, hydrolysis and induced-ﬁt
rates as well as possible bend angles.
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APPENDIX
Calculation of free energy changes in specific binding
due to DNA tension
Three independent contributions that change the free energy
 G for specific complex formation as a function of force were
assumed:
(i) The distance between adjacent base pairs increases when
DNAisputundertension.Thiselongationisincorporatedinthe
worm-like chain model for semi-flexible polymers by the
introduction of the stretch modulus (K) (37). The enzyme
must compress the DNA at the recognition site against an
applied force (F) to normal base pair spacing (a). The
associated energy cost can be expressed as:
DE1 ¼ l  a  
F
K
  
F‚ A1
wherelisthenumberofbasepairswithintimateDNA–enzyme
contact (l   a is the length of the DNA sequence with intimate
contact; l = 6 for EcoRV and BamHI).
(ii)Somerestrictionenzymes,suchasEcoRV,kinkDNAby
an angle q=2a0 at the recognition site. This kink within the
binding pocket leads to a direct shortening of the end-to-end
distance against the applied force (Figure 6a). The required
work is given by:
DE2 ¼ l  a   1 cos
q
2
     
F: A2
(iii) The amount of DNA bending plus shortening outside
the complex depends on the tension and the bend angle q
(Figure 6a). The free energy cost of this effect is found by
calculating the lowest energy DNA configuration using the
worm-like chain model (38,46). Given a kink of angle q=2a0
in the middle of the polymer with length L with a bending
modulus k=LpkbT, the expression becomes
DE3 ¼ 2
Z L=2
0
k
2
da s ðÞ
ds
   2
þ F 1 cosa s ðÞ ðÞ
 !
ds: A3
Here, the first term in the integrand represents the bending
energy, with da(s)/ds = 1/R(s) the local curvature at position
Nucleic Acids Research, 2005, Vol. 33, No. 8 2683sontheDNA.Thesecondtermisthepotentialenergystored in
the system due to the shortening of end-to-end distance against
the force. (The force will actually slightly increase due to this
movement. This effect is, however, negligible. In fact the end-
to-end shortening will partition itself between bead displace-
ment in the traps and extension of the DNA, depending on the
relativestiffnessofthetwo.Nevertheless,theassociatedenergy
difference is the same.) Equation A3 can be solved by treating
the integrand Z in the right-hand side as the Lagrangian of an
actionpotentialEandapplyingtheprincipleofleastaction.This
leads to the Euler–Lagrange differential equation
d
ds
dZ
d _ a a s ðÞ
  
 
dZ
da s ðÞ
¼ 0 ) k
d2a s ðÞ
ds2 þ Fsina s ðÞ ¼ 0: A4
This is the equation of motion for a harmonic oscillator with
largeamplitude.Itcanbesolvedusingellipticintegrals,butfor
smallbendanglescanbegreatlysimplifiedbytakingsina(s) 
a(s). For EcoRV (a0 = 25 ) this results in an error of a few
percent. Solving Equation A4 and performing the integral
yields
DE3 ¼ a2
0
ﬃﬃﬃﬃﬃﬃ
kF
p
¼ a2
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LpkbT
p ﬃﬃﬃ
F
p
¼
q
4
2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LpkbT
p ﬃﬃﬃ
F
p
: A5
This is the energy cost of bending the DNA plus the work
associated with the end-to-end distance shortening due to
this bending.
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